We use near-infrared dark-field optical microscopy to probe isothermal time variation of the volume fraction of naturallyoccurring, subsurface microstructures in PG 64-22 asphalt binders at temperature T = 30
Introduction
Asphalt binder or bitumen, when mixed with aggregates, creates a pliable composite for constructing flexible, durable pavements. Much of pavement research focuses on understanding the relationship between binder mechanical properties, on the one hand and temperature and chemical composition, on the other. A temperature change | T | = 10
• C can change stiffness by an order of magnitude. This temperature sensitivity plays a vital role in selecting a binder for a particular climate. Binders also vary widely in chemical composition because
Correspondence to: Michael Downer, Department of Physics, The University of Texas at Austin, Austin, Texas, U.S. downer@physics.utexas.edu of variations in the binder's crude oil source, variations in refining and artificial additives. Chemical variety, when well characterized and controlled, opens opportunities to tailor a binder's mechanical properties to benefit a particular project, but can also lead to unpredictable, expensive pavement failures when poorly characterized and controlled. Careful rheological measurements of a binder's temperature (T)-dependent mechanical properties -e.g. its complex shear modulus |G * (t)| -help to guide binder choice for a given chemical composition, but are imperfectly predictive. There are two reasons for this. One is that the chemical composition of bitumen is exceedingly complex, and can vary even for samples originating from a common source. Thus it is difficult to characterize uniquely. Secondly, and more fundamentally, bitumen exhibits structural hysteresis as temperature varies (Nahar et al., 2013; Ramm et al., 2016) , a property it shares with, e.g. metal-organic frameworks (Liu et al., 2008; Mendt et al., 2010) and sol-gel thermoreversible polymers (LaFollette & Walker, 2011; Wang et al., 2012) . Consequently G * (t) is not a singlevalued function of temperature, but depends on the sample's recent thermal history. Lack of understanding of this hysteresis can lead to expensive errors in predicting a binder's performance based on single rheological measurements. Understanding mechanical hysteresis and its microscopic origins is thus a fundamental challenge of asphalt binder metrology, and more widely of colloidal science.
In a recent publication, we explored the connection between mechanical hysteresis of bitumen and corresponding hysteresis in its naturally occurring bulk microstructure (Ramm et al., 2016) . We monitored the latter in real time during heating-cooling cycles using dark-field microscopy under near-infrared (λ 870 nm) illumination. Nearinfrared (hereafter 'near-IR') light is detectable with standard silicon-based cameras, yet penetrates considerably more deeply (absorption depth α −1 ≈ 25μm, absorption coefficient α ≈ 400 cm −1 at λ = 870 nm (Ramm et al., 2016) ) into bitumen than shorter wavelength light. Thus it scattered mostly from bulk microstructures, and distinguished them from surface microstructures (Loeber et al., 1996) less relevant to bulk rheology by the bulk structures' smaller size, rounder shape and insensitivity to surface treatment. We found that the volume fraction I occupied by internal microstructural inclusions exhibited repeatable hysteresis during thermal cycling that closely mirrored hysteresis in the magnitude |G * (T )| of the bulk shear modulus, which differed by 10−20% at a given T depending on whether it was measured during the heating or cooling arm of a thermal cycle. This suggested that thermally driven modulation of microstructure size or density was one underlying cause of the observed mechanical hysteresis. Indeed, colloidal science dating back to Einstein's calculation of the viscosity of a suspension of rigid spheres in a Newtonian liquid (Einstein, 1906) has recognized a close connection between the properties of microstructural inclusions and mechanical properties of composite materials (Palierne, 1990) . This connection underlies the sol-gel model of bitumen rheology, which pictures bitumen in transition between a 'sol' structure of independent polar asphaltene micelles floating in a nonpolar fluid at high temperature, and a connected elastic 'gel' network of asphaltenes at lower temperature (Lesueur, 2009) . It also underlies recent research devoted to characterizing bitumen microstructure (Loeber et al., 1996; Redelius, 2006) and understanding its connection to mechanical strength, crack nucleation and self-healing (Kringos et al., 2009; Allen et al., 2013; Jahangir et al., 2015 Jahangir et al., , 2016 .
Here we explore the connection between microstructural and mechanical hysteresis in a way that complements our previous study (Ramm et al., 2016) . In Ramm et al. (2016) , we measured microstructural and mechanical properties during a thermal cycle, using a fixed dwell time of 5 min following each temperature increment T . This delay enabled the sample to stabilize at each new temperature T n before measurements were made. The observed hysteresis demonstrated that the time scale for structural relaxation exceeded the 5-min dwell time. This naturally raised several questions: Do the microstructural and rheological hysteresis loops close if longer dwell times are used? Do they close completely within a time scale that is practical (e.g. a few hours) for laboratory measurements? What are the detailed functional forms of the time (t) evolution of Tn I (t) and |G * Tn (t)| once a sample of bitumen reaches a new temperatureT n ? Do they match each other? Do they depend on bitumen chemistry and/or aging treatment? Do they depend on whether the sample was cooled to T n from T > T n or heated to T n from T < T n ?
The present study answers these questions. We find that the microstructural and shear modulus hysteresis loops do indeed close partially, but not completely, with increasing dwell times up to a practical limit of 3 h. Moreover, the time evolution Tn I (t) closely matches |G * Tn (t)|, evolves on three distinct time scales (a few minutes, slightly under 1 h and >1 day), changes in similar ways with bitumen chemistry and aging treatment, and depends in similar ways on thermal history.
Both
Tn I (t) and |G * Tn (t)| continue to evolve long after the sample temperature stabilizes at T n . These observations broaden and strengthen the connection between microstructural and rheological hysteresis developed in Ramm et al. (2016) .
The optical method used here to probe bulk microstructure complements widespread use of atomic force microscopy to observe bitumen surface microstructures, often called bees (Loeber et al., 1996; Jahangir et al., 2016) because their elongated rippled internal morphology resembles the abdomen of a bumble-bee. Atomic force microscopy observations have spawned considerable discussion over the chemistry and origin of bees (Masson et al., 2007; Kringos et al., 2009; Schmets et al., 2010; Pauli et al., 2011; Allen et al., 2012; Lyne et al., 2013) , and have even revealed hysteresis in bee size and phase state (Nahar et al., 2013) that resembles hysteresis studied here. Nevertheless, in its focus on smaller bulk microstructures, the current discussion is orthogonal to the 'bee' literature. Here, near-IR optical microscopy has the advantages over Atomic force microscopy of rapidly probing microstructures well beneath the surface at elevated temperatures. We do, in fact, observe surface bee structures prominently in visible wavelength micrographs of room temperature bitumen samples (Ramm et al., 2016) . But bees play no role in the current study, except as one source of background light scatter.
Experimental procedure

Materials and specimen preparation
We performed measurements on Superpave Performance Grade 64-22 binder with no polymer or other chemical additives, a typical grade for pavements in warm climates. In addition to the as-received, unaged binder, which is representative of bitumen as it leaves a distilling plant, we tested samples subjected to two industry-standard aging treatments: (1) Rolling Thin Film Oven (RTFO), which simulates relatively young bitumen after mixing with aggregate, transport to a construction site and initial asphalt paving (ASTM D2872-12e1, 2012); (2) Pressure Aging Vessel (PAV), which is artificially oxidized and simulates bitumen after years in an asphalt pavement (ASTM D6521-13, 2013) .
To prepare samples for rheological tests, the binder was heated to 150°C, poured into cylindrical silicone moulds and allowed to cool to room temperature (RT ß 20°C). Binder tablets were then trimmed to 25 mm diameter and thinned to 1000 μm at 50°C before mounting in a Dynamic Shear Rheometer (DSR). For consistency we used 25-mm diameter plates for all three aging treatments, even though PAV specimens are often tested using 8 mm plates.
To prepare samples for near-IR dark field microscopy, we placed a bead of binder in a 500-μm deep dimple in a glass slide, heated it to 150°C and then allowed it to cool to RT. The 500 μm dimple ensured that no near-IR illuminating light penetrated completely through the sample to scatter from its underlying mount. Overall binder thickness was kept to ß1000 μm in order to match rheological samples as closely as possible.
To place an upper limit on the time required for test samples to reach steady-state temperature T n following a rapid temperature increment T , we embedded a thermocouple into 'dummy' specimens that were purposely made thicker (ß2000 μm) than any test samples. Figure 1 shows the resulting T (t) data for unaged, RTFO and PAV specimens as they approached T n = 30°C after (a) cooling from 50°C or (b) heating from 10°C. In all cases, dummy samples reached T n = 30°C within 2 min. To ensure that test samples were characterized in thermal steady state, we therefore began recording test measurements 5 min after the initial temperature change, defined as t = 0 in Figure 1 .
Rheometric procedure
For rheological measurements, we used an AR-2000EX DSR with sample tablets in a climate controlled chamber sandwiched between a fixed circular plate and a parallel plate that could oscillate azimuthally at 10 rad s −1 . Applied strains were kept below 1% amplitude, a range in which the sample responded linearly. Figure 2 plots one period of the thermal cycle used for rheological and most optical measurements. We first conditioned test samples at 50°C for 3 h to allow them to stabilize structurally. We then cooled them within 2 min (see Fig. 1 ) to test temperature 30°C, waited 5 min for the new temperature to stabilize, then measured the magnitude |G Fig. 2 . Schematic of the temperature sequence. The sample is brought to 50°C and held for 3 h, then cooled to 30°C and held for 3 h of measurements. The sample is then cooled to 10°C and held for 3 h, and then raised to 30°C for 3 h of measurements.
torsional shear every 5 min, using a sinusoidal waveform at a rate of 10 rad s -1 and strain amplitude of 1%. Here the subscript '30' refers to the sample's constant temperature during test measurements. For the samples and temperature used here, our measurement sensitivity to changes in |G * 30 (t)| proved much greater than to changes in δ 30 (t). Thus we report the time evolution of |G et al., 2016), we found that mechanical hysteresis loops based on DSR measurements at 5, 10 and 15 rad s -1 retained a common shape, and thus remained correlated with corresponding optical data, even though the absolute magnitude of |G * | varied with frequency. We thus anticipate that current measurements of |G * 30 (t)| at 10 rad s -1 should correctly represent mechanical relaxation kinetics for a range of mechanical frequencies.
After 3 h of data acquisition, we cooled the sample further to 10°C, conditioned it for 3 h and then rapidly heated it back to 30°C for 3 more hours of data acquisition. Hereafter we refer to the 3-h period following conditioning at 50°C (10°C) as the 'postcooling' ('postheating') branch of the cycle. Temperature was constant for each branch (see Fig. 1 ). Practical limits on DSR measurements were the basis for the conditioning and measurement temperature values selected for detailed study. Above 50°C, the sample flowed during conditioning, while below 10°C, it became too stiff for reliable measurements. The increment | T | = 20°C yielded changes in |G * 30 (t)| over 5-min intervals that could be measured with good signal-tonoise ratio.
Near-infrared microscopy
For optical microscopy, we following the same temperature cycle described above for rheological measurements and shown in Figure 2 . However, the relative speed and convenience of optical measurements allowed us also to explore longer conditioning (up to 22 h) and measurement (up to 12 h) times (see Section 'Extended conditioning and measurement times'). To vary sample temperature, we thermally contacted the glass slide containing the test specimen to a thermoelectric stage with temperature range 0-125°C and 0.1°C resolution. Figure 3 shows the set-up for near-IR microscopy schematically. During measurement phases, white light from a 250 Watt, 3200K halogen lamp, collimated into a fibre optic cable with short-and long-pass filters to select a wavelength band of width λ ≈ 70 nm (FWHM) centred at λ ≈ 870 nm, illuminated a 3-mm-radius circular spot of the specimen with 0.405 W power (intensity I 0 ≈ 1.4 W cm 2 ) at a 45°a ngle. Note that 7.4% of the radiation (intensity I R ) reflected (R) specularly from the smooth sample surface and was not detected. The remainder (intensity
2 ) transmitted (T ) into the bulk at refracted angle
• from the surface normal, and scattered in all directions from microstructures lying within the absorption depth α −1 25μm (Ramm et al., 2016) . Here, n b is the index of refraction of bitumen, which we approximated by the value n b ≈ 1.584 determined at λ = 589 nm (Taylor et al., 2001) . No temperature increase of the sample due to illumination was observed.
Our dark-field microscope used a Nikon NA 0.5 40X objective to collect scattered light within a 30°cone centred on the surface normal, which corresponded to the near- backscattering angle θ sc = 153.5
• from the propagation direction of light inside the sample. The objective imaged this light from the scattering region to a CCD camera. Taking refraction at the sample surface into account, the 30°lab cone collects an 18.5°cone of scattered light inside the sample, which corresponds to a fraction C 0.0064 of 4π steradians. Using an Air Force test pattern, we determined that imaging resolution was ß2 μm diameter, and depth of field approximately equal to sample absorption depth (25 μm).
We analysed images using the commercial software tool ImageJ (Schneider et al., 2012) , which could estimate areal density and spatial distribution of scattering centres or determine average scatter intensity. Each pixel of the image contained a grey-scale value between 0 and 255, with 0 being black and 255 white. Calibration measurements showed that grey-value 150 corresponded to incident light intensity 10 −8 I T . Average scatter intensity for each image was obtained by averaging these grey-scale pixel values over the selected area. We recorded dark-field images at 30 s intervals, then every 5 min averaged scattered intensity (areal density) obtained from 10 consecutive images to obtain plotted values, using one standard deviation as an error bar. The frequency of plotted data points thus matched that of the rheological data points.
To complement time-dependent dark-field microscopy measurements at fixed temperature, we also measured optical scatter during thermal cycles, using a procedure described in Ramm et al. (2016) . Briefly, we cycled sample temperature between 10°C and 50°C in 10-degree increments, recording dark-field images at each set-point temperature during both heating and cooling sequences. Whereas in Ramm et al. (2016) we held each new temperature for 5 min before recording images, here we waited for times ranging from 10 min to 3 h to allow for more complete structural relaxation at each set-point temperature. In Ramm et al. (2016) , optical and rheological data acquired during thermal cycles were compared and found to exhibit similar temperature-dependent patterns. Based on this determination, here we present only optical thermal cycle data. Each cycle was repeated multiple times to check reproducibility of the results. circles without error bars or solid curves show H/C data for two representative replicates of unaged binder, to illustrate typical variations observed for different samples of nominally identical binders. The data with a solid curve through the data points, and similarly formatted data in panels (a) and (b), represent averages over multiple replicates. Error bars represent a standard deviation.
Results
Rheological results
For all agings, |G * 30 (t = 0)| H , measured immediately after heating each replicate to 30°C, is consistently ß50% higher than |G * 30 (t = 0)| C, measured after cooling to 30°C. In both branches, |G * 30 (t)| C/H then relaxes rapidly for the first ß5 min, and more slowly for the remaining time, although |G * | consistently changes more after cooling (C) than after heating (H). Biexponential fits to the data (solid curves), discussed in Section 'Discussion', reflect these two contrasting time constants. 
Near-infrared microscopy results
Time-dependent optical scatter data. Figure 5 presents λ = 870 nm optical scatter data. Figure 5 (A) shows dark-field micrographs of unaged binder at five key points in its temperature sequence (Fig. 2) . In the lower left is a reference micrograph recorded at the end of 3 h of conditioning at 50°C, just before cooling to 30°C. Scattering was at its weakest at this time. Only isolated bright points, which persisted unchanged throughout the temperature sequence (see remaining panels in Fig. 5A ), were observed here against a dark background. We attributed these bright points to surface dirt, and defined the total scatter at this time as the 'background', I bkgd , to be subtracted from the total scatter intensity I (t) observed at all subsequent times.
The lower middle panel of Figure 5 (A) shows a micrograph recorded a few minutes later, immediately after the unaged binder was cooled to 30°C. A faint 'haze', which we attribute to incipient formation of bulk microstructures, is now visible. Three hours later, at the end of the 'C' sequence, this 'haze' brightens by a factor of ß5. Open black squares in Figure 5 (B) plot the observed evolution of <I 30 (t) − I bkgd > throughout the 3-h 'C' measurement time. The two panels in the top row of Figure 5 (A) show dark-field micrographs at the beginning (center) and end (right) of the 'H' measurement sequence. At t = 0, background-subtracted scatter is more than an order of magnitude brighter than at the beginning of the 'C' sequence. Thus dark-field microscopy is very sensitive to waxing and waning of bulk microstructure. Filled black squares in Figure 5 (B) plot the complete 3-h 'H' evolution of <I 30 (t) − I bkgd >. Black solid curves in Figure 5 (B) are fits of the data to biexponential functions with the same time constants as the black curve in Figure 4 (C), as discussed further in Section 'Discussion'. Red (blue) data points and curves in Figure 5 (B) show similar data for RTFO (PAV) samples, for which background-subtracted scatter differs by <30% from that of unaged bitumen.
In addition to quantifying average scatter intensity, the images in Figure 5 (A) help to estimate the size and density of the largest scattering centres. Close inspection of the images shows that bright, barely resolved, near-spherical inclusions of radius a ß 1 μm contribute much of the scattered intensity plotted in Figure 5 (B). For example, approximately 10 4 such features occur on average in the field of view of the t = 180 min 'H' and 'C' images, corresponding to volume inclusion density ρ I ≈ 6 × 10 9 cm −3 , assuming uniform distribution throughout the depth-of-field and absorption depth (25μm) and no blockage of deeper features by near-surface inclusions. If we approximate these features as spheres of radius a ß 1μm (volume V 1 ß 4 × 10 −12 cm 3 ), then they occupy volume fraction I ß 0.025. However, we caution that the radius of such features can only be estimated roughly. Moreover, these estimates do not include contributions to the scattered 'haze' from smaller, un-resolved inclusions or from extended gel-like network structures.
Extended conditioning and measurement times.
We used dark-field microscopy to explore the effect on microstructure kinetics of shorter/longer conditioning/measurement times than those shown in Figure 2 . Figure 6 shows typical I 30 (t) C/H − I bkgd measurements for single-replicates of unaged binder after conditioning times of 1, 3, 6 and 22 h. The four 'C' curves (bottom) show no more than typical sample-to-sample variations (see Fig. 4C ). Of the four 'H' curves (top), only the sample conditioned for only 1 h at 10°C differed significantly from the others. In this case, no discernible change in scatter occurred over the 3-h measurement period, indicating that the sample did not relax to steady-state structure within 1 h at this temperature. We concluded that, although conditioning times should ideally be as long as possible, 3 h enabled adequate structural relaxation at a given temperature for accurate subsequent kinetics measurements. We also extended optical scatter measurement times out to t = 12 h. Figure 7 shows a typical result for unaged binder. Slight continuing decreases in the gap between 'H' and 'C' cycles were observed from 3 to 6 and from 6 to 12 h, as expected for biexponential kinetics. However, a 24% gap between the fitted I 30 (t → Ý) values for 'H' and 'C' curve persisted. This further confirms the presence of a third relaxation time scale τ 3 > 1 day, including the possibility that a component of thermally-driven structural change is quasi-permanent (i.e. τ 3 → Ý) and dependent on thermal history. Figure 8 presents measurements of average optical scatter intensity from unmodified binder as sample temperature cycled multiple times between 10°C and 50°C. A gap between heating (solid black squares) and cooling (open red circles) portions of each cycle was observed, as reported in Ramm et al. (2016) for 5-min dwell time at each sampled temperature. However, as dwell time increased from 10 ( Fig. 8A ) to 180 min (Fig. 8E) , the hysteresis loops narrowed. Figure 9 plots the temperature-dependent difference I between the heating and cooling curves in Figure 8 for each of five dwell times. I decreased with increasing dwell time, asymptotically approaching a nonzero value. The decreasing I at 30°C is closely related to the decreasing gap between 'H' and 'C' curves in Figures 5-7 , recorded at constant T = 30°C, which also asymptotically approached a nonzero value. However, a different thermal history preceded each measurement.
Temperature cycle hysteresis.
Discussion
Figures 4 and 5 show correlations between isothermal time evolution of shear modulus, on the one hand, and optical scatter intensity, on the other, from variously aged bitumen samples following a temperature increment T. |G * 30 (t)| and I 30 (t) evolve biexponentially with identical time constants and contrast similarly between 'C' and 'H' subcycles. These correlations support the hypothesis put forward in Ramm et al. (2016) , based on measurements of matching G * (T ) and I (T ) hysteresis during thermal cycling, of a causal connection between bulk inclusions occupying instantaneous volume fraction I = V −1 NI 1 V i , measured optically, and G * , measured rheometrically. Here, V i denotes the volume of the ith inclusion, and N I the total number of inclusions within test volume V. With recent advances in multiscale micromechanical computation (Lackner et al., 2004) , modelling, or even predicting, viscoelastic mechanical behaviour of composite materials (Aigner et al., 2009) , including bitumen (Eberhardsteiner et al., 2014) , based on observations of their internal microstructures has now become possible. Some previous studies observed internal bulk microstructures of bitumen directly using coherent laser scanning microscopy (Forbes et al., 2001; Bearsley et al., 2004; Handle et al., 2014) , but did not correlate these observations with mechanical properties. Others correlated mechanical strength with inferred internal microstructure that was not directly observed (Eberhardsteiner et al., 2014) . Here, we uniquely observe evolving internal microstructure directly over a wide sample area in real time, while observing evolving macroscopic mechanical properties. Such correlated data can provide essential input to micromechanical models.
Although a full multiscale model is beyond the scope of this paper, a simple picture of a dilute emulsion of spherical inclusions (I ) of one incompressible fluid of shear modulus G * I , refractive index n I (the micron-sized scattering centres) dispersed in another of shear modulus G * M , refractive index n M (the bitumen matrix) provides a conceptual framework for qualitative discussion. The chemistry of the inclusions and matrix is widely debated (Lesueur, 2009) . Some authors attribute surface microstructures to waxes (Lu et al., 2005; Nahar et al., 2013) . Bulk microstructures responsible for the stiffness of bitumen, on the other hand, are widely attributed to micelles of highly polar asphaltenes (the fraction of bitumen that is insoluble in n-heptane) in a nonpolar matrix of maltenes (the fraction soluble in n-heptane) (Forbes et al., 2001; Bearsley et al., 2004; Lesueur, 2009; Eberhardsteiner et al., 2014) . The current phenomenological discussion, however, does not depend on a specific chemistry.
For the simple case of a dilute emulsion of microspheres of common volume V 1 , the amplitude of the isothermally evolving linear complex shear modulus has the general form (Palierne, 1990 )
where |G * M | may include contributions from time-invariant inclusions, ρ I (t) is the number density of evolving inclusions [hence I (t) = ρ I (t)V 1 (t)], and F I is a dimensionless coefficient that depends on V 1 , the difference |G * I | − |G * M | and interfacial tension coefficients. The observation (see Figs. 4A-C) that time-varying changes |G * (t)| are much smaller than the overall magnitude |G * (t)| justifies the assumption of a dilute emulsion (i.e. F I ρ I (t)V I (t) << 1) that underlies Eq. (1). In a more rigorous treatment, the perturbation term F I ρ I (t)V I (t) would include an integral over the distribution of inclusion volumes. Here, however, this distribution is not wellcharacterized: although IR microscopy resolved some larger time-varying inclusions (see Fig. 5A ), many smaller ones were observed only as an unresolved 'haze'. Thus V I (t) represents an effective inclusion volume at each t. Here, we additionally approximate F I as a V I -(and therefore t-) independent coefficient. For isothermal processes studied here, we assume |G * M | is constant. Within these approximations, time evolution |G * (t)| then originates solely from time variation of ρ I (t)V I (t). Within the same framework, the normalized intensity I (t) ≡ [I (t) − I bkgd ]/I T of optical scatter from a random distribution of bulk microinclusions of refractive index n I embedded in a matrix of refractive index n M is (assuming I << 1)
where C 0.0064 is the fraction of 4π over which backscattered light was collected (see Section 'Near-Infrared Microscopy'), σ bksc is the cross-section for backscatter and L is the interaction length of transmitted light with scatterers, which we take to be L 1/2α 12.5μm. A factor of two enters because transmitted and backscattered light are both absorbed. The value 10 −8 was estimated by calibration measurements described in Section 'Near-Infrared Microscopy'. Here we approximate σ bksc as the product of the differential cross-section dσ bksc / dΩ evaluated at θ sc = 180°and 4π steradians, and write it microscopically as:
where m ≡ n I /n M is the index ratio of inclusion and matrix. For Rayleigh scatter of light of wavelength λ from microspheres, each of radius a << λ, x = 2 (i.e. V 2 1 ∝ a 6 ) and (Jackson, 1975) . The images in Figure 5 (B), however, resolve the largest bulk scatterers, for which a ∼ λ. These are expected to dominate total scattered intensity. In this Mie scattering (a > ∼ λ) limit, f takes on a more complicated λ-independent form, and x decreases, approaching 2/3 in the limit a >> λ (i.e. σ bksc Ý a 2 ). Complete expressions (van de Hulst, 1957) , as well as computer codes and online Mie calculators 1 are easily accessible. For scatterers of a ∼ λ, it is reasonable to approximate x ∼ 1 in Eq. (2b). The time-dependent function ρ I (t)V I (t) then becomes the same in Eqs (2) and (1). The observation of similar shapes of the time-varying components of I (t) in Figure 5 and G * (t) in Figure 4 corroborates this approximation, and we use it for the ensuing discussion. We additionally approximate f(m) to be independent of aging treatment -i.e. we assume inclusions and matrix to be composed of materials of the same n I and n M for all agings. Our observation that I (t) has similar magnitude and time development for all three agings (see Fig. 5B ) corroborates this approximation.
Eqs.
(1) and (2a) provide a simple unified framework for modelling rheometric and optical scatter results in Figures 4 and 5. The common element in these equations, within the stated approximations, is the volume fraction ρ I (t)V I (t), to which we assign the biexponential form
The magnitude of the leading constant A 0 was based on the estimated volume fraction (ß0.025) of resolvable a ß 1μm scattering centres at t → Ý, as described in Section 'Timedependent optical scatter data'. Time constants τ 1 and τ 2 were constrained to have common values, which turned out to be τ 1 = 3.7 min and τ 2 = 57 min, that yielded the best global fit of all data. Eq. (2) with (3) was first fit to I (t) − I bkgd data in Figure 5 (B). The similarity of the three sets of curves in Figure 5 (B) dictates that the dimensionless constants A 0 , A 1 , A 2 are also similar for all agings. Nevertheless, small variations among agings, and between C and H curves, were allowed to optimize fits to the data. Table 1 lists the fitted values; solid curves in Figure 5(B) show results, which fit the data with R 2 > 0.98. The model and measurements are not, at present, sufficiently precise to distinguish relative contributions of ρ I (t) and V I (t) to I (t). Thus hereafter we treat I (t) as the basic time-varying microscopic quantity.
The coefficient C f (m) L was treated as an overall agingand C/H-independent scaling parameter in fitting I (t) − I bkgd , expressed in units of average grey value. By using Eq. (2a), we can estimate the absolute value of backscatter cross section to be
where we used the estimated ρ I (t → Ý) 6 × 10 9 cm (Jackson, 1975) suggests that m should indeed be smaller for near-IR photons, since they lie further in energy below dominant absorption resonances than visible photons. In contrast, scatterers of radius a < 0.5μm (a > ∼ 1.5μm) yield σ bksc values much smaller (larger) than Eq. (4). This corroborates the hypothesis that scatterers of radius a ß 1μm dominate near-IR scatter from bitumen, and justifies using an emulsion of randomly distributed micro-spheres of common radius a ß 1μm as a simplified model for this scatter. We adopt exactly the same ρ I (t)V I (t) to model rheometric data. We must therefore attribute the very different |G * (t)| among the three agings (see Fig. 4 ) to differences in the coefficients |G * M | and F M in Eq. (1). Specifically, the values of |G * M | and F I listed in Table 1 straightforwardly yield calculated |G * (t)| curves that agree closely with data (R 2 > 0.86), as shown in Figure 4 .
Rheometric data in Figure 4 and optical scatter data in Figure 5 can thus both be fit with high fidelity to a common model of spherical inclusions of radius a ß 1μm, varying in volume fraction I (t) according to Eq. (3) around a steady state value I (t → Ý) ß0.025. The existence of such a model supports the hypothesis that microstructural variations cause observed variations in |G * (t)| and I (t), whereas fitted parameters provide estimated average values of material parameters such as a, m, I, F I . Nevertheless, in view of the simplicity of the current model, we caution against interpreting current fitted material parameter values as either unique or quantitatively accurate. A more complete model should include a realistic distribution of inclusion sizes and refractive indices, along the line of Eberhardsteiner et al. (2014) . Nonspherical inclusions, possibly including gel-like networks, may also play an important role in both rheology and optical scatter. Since near-IR microscopy can only resolve features of a > ∼ 1μm, other methods will be needed to characterize size and shape distributions of smaller contributing inclusions.
Conclusion
This study has demonstrated a strong correlation between internal isothermal microstructural kinetics of bitumen (monitored by dark-field microscopy with deeply-penetrating near-IR light), and shear modulus kinetics (monitored by dynamic shear rheometry), following a fast temperature increment T = ± 20°C. Both optical and rheometric data showed that structural relaxation continued long after a sample's temperature stabilized, evolving on two distinct time scales (τ 1 = 3.7 min, τ 2 = 57 min) for observation periods up to 12 h. The magnitude, but not the biexponential functional form or time constants τ 1,2 , of structural relaxation varied for samples subjected to different aging treatments, or with different thermal histories. The latter behavior constituted structural hysteresis, equivalent to a third, quasipermanent relaxation time constant τ 3 >> 1 day. A simple model of a dilute suspension of microspheres of radius a ∼ 1μm of time-varying volume fraction embedded in a uniform matrix of slightly lower refractive index replicated the observed time variation and absolute magnitude of shear modulus and scattered light intensity satisfactorily.
Results from this study show that internal microstructure of bitumen is dynamic, and influences binder stiffness significantly even for fixed binder composition. The near-IR microscopy method employed here could be used in future work to probe the response of bitumen to applied stress or electric field increments, or to probe seeding, growth and healing of internal fractures in real time.
